As part of a whole genome scan undertaken to detect quantitative trait loci (QTL) affecting milk yield and composition, we have genotyped a granddaughter design comprising 1152 sons for six microsatellite markers spanning bovine chromosome 20. An analysis performed across families provided strong evidence (experimentwise P-values < 0 . 01) for the presence of a QTL affecting primarily protein percentage towards the telomeric end of the chromosome. A founder sire, shown in a previous study to segregate for a similar QTL in the corresponding chromosome region, was characterized by 29 and 57 sons and maternal grandsons, respectively, in the present design. Sorting corresponding sons and grandsons by paternal or grandpaternal allele provided significant evidence for the segregation of a QTL on chromosome 20. Altogether these results confirm the location of a QTL affecting milk production on bovine chromosome 20.
Introduction
With the availability of highly informative marker maps, it has recently become possible to map quantitative trait loci (QTL) underlying the genetic variation of multifactorial traits (Paterson 1995) . This opportunity has attracted considerable attention in agriculturally important plant and animal species. Indeed, mapping QTL influencing economically important phenotypes should allow for the implementation of marker assisted selection (MAS) which could potentially improve genetic response.
In livestock, dairy production offers a unique niche for MAS as milk production is expressed in the female only, while the majority of the genetic response accrues through the non-expressing sires due to widespread use of artificial insemination (AI; Soller & Beckmann 1982; Mackinnon & Georges 1998) . Whole genome scans are therefore being undertaken in elite dairy cattle populations to identify segregating QTL. Several regions of the genome are emerging from convergent studies as contributing significantly to the genetic variance for a number of phenotypes of interest to the dairy industry. These include regions harbouring candidate genes such as the casein cluster (reviewed in Fitzgerald 1997 ) and b-lactoglobulin (reviewed in Hill et al. 1997) , as well as QTL identified by linkage analysis (reviewed in Haley 1995) .
In a previous study exploiting progeny-testing by means of a granddaughter design (GDD) comprising 1500 Holstein±Friesian sires, and using a marker map covering an estimated twothirds of the genome, the present authors identified five chromosomes showing strong evidence for the presence of QTL affecting milk yield and composition: chromosomes 1, 6, 9, 10 and 20 (Georges et al. 1995) . The QTL on chromosome 6 has been confirmed by independent studies performed in the Holstein±Friesian (Ku È hn et al. 1996; Spelman et al. 1996) as well as other dairy cattle breeds (Gomez-Raya et al. 1996; Velmala et al. 1997) . Independent evidence for effects on milk yield and composition on chromosomes 9 and 10 have been reported, respectively, by Vilkki et al. (1997) and Ron et al. (1998) .
Recently, a QTL with major effect on milk yield and composition has been identified on the centrometric end of chromosome 14, independently by Coppieters et al. (1998c) and Ron et al. (1998) .
In the present paper, the confirmation in the Holstein±Friesian dairy cattle population of the segregation of a QTL on chromosome 20 that affects milk yield and composition is reported.
Materials and methods

Pedigree material
The pedigree material in the present study was Animal Genetics, 1998, 29, 107±115 
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Accepted 2 February 1998 composed of a previously described GDD (Weller et al. 1990 ) comprising of 1158 progeny-tested Holstein±Friesian bulls representing 29 paternal half-sib families (Spelman et al. 1996; Coppieters et al. 1998b) . Twenty-two families were sampled from the Dutch Holstein±Friesian population, the remaining from the corresponding New Zealand population. The number of sons per sire ranged from 11 to 153. Eight families included some older selected sons; these were maintained in the analysis as it was recently shown that mixed selected and unselected samples have no deleterious effect on the power to detect QTL (Coppieters et al. 1998a) .
Phenotypes
Available milk production traits were milk, protein and fat yield in kilograms as well as protein and fat percentages. The phenotypes used for QTL mapping were daughter yield deviations (DYDs; Van Raden & Wiggans 1991) corrected for average parental predicted transmitting abilities (PAs) as described (Coppieters et al. 1998b) . Phenotypes were obtained directly from the Nationaal Rundvee Syndicaat (NRS; Arnhem, The Netherlands) and Livestock Improvement Corporation (LIC; Hamilton, New Zealand).
Microsatellite genotyping
A whole genome scan was undertaken using a battery of 215 microsatellite markers compiled from published marker maps and jointly covering 2947 cm (Haldane) of the bovine genome (Kappes et al. 1997) . Table 1 reports the primer sequences used to amplify the six markers on chromosome 20. Microsatellite genotypes were produced by autoradiography after incorporation of dCTP 32 as described (Georges et al. 1995) .
Map construction
Two-point LOD scores were generated using ANIMAP (Georges et al. 1995) and subjected to Morton's test for heterogeneity in order to identify potential genotyping errors (Ott 1992) . Multipoint linkage analyses were performed across families using CRIMAP (Lander & Green 1987) to determine the most likely order, followed by ANIMAP to determine the most likely recombination rates between adjacent markers. The latter program utilises marker allele frequencies estimated as described in order to compensate for the undetermined genotypes of the dams. Information content along the map, measuring the amount of information extracted from the available pedigree data as a percentage of the theoretical maximum, was evaluated as described (Kruglyak & Lander 1995; Coppieters et al. 1998b; W. Coppieters et al., personal communication) .
QTL mapping
QTL mapping was performed across families, using a previously described non-parametric, sum of rank based multipoint approach (Coppieters et al. 1998b) , as well as by multimarker regression according to Knott et al. (1996) . Chromosome-wise significance thresholds were obtained by permutating the phenotypes within families according to Churchill & Doerge (1995) . Briefly, for each permutation the present authors performed an interval mapping analysis and stored the highest value of the statistic (x 2 for the non-parametric approach, and F for multimarker regression) across the chromosome 20 map. This approach yields the distribution of the corresponding statistics under the null hypothesis of no QTL (permutation essentially disconnects genotype and phenotype), corrected for the analysis of multiple though linked markers. Comparing the statistics obtained from the real data with the distribution generated by permutation allows one to determine the chromosome-wise P-values associated with real data. As the present authors were (1) performing a whole-genome scan and therefore analysing multiple chromosomes, as well as (2) analysing five different traits, the chromosome-wise Pvalues obtained by permutation needed addi- tional correction for multiple testing. This was achieved by applying a Bonferroni correction corresponding to 87 independent tests to account for the analysis of three independent traits and 29 independent autosomes, yielding so-called experiment-wise thresholds. It has indeed been shown that because of the correlations between them, the five examined milk production traits reduce to three independent characters (Spelman et al. 1996) . The grand-granddaughter design (G 2 DD) was used to confirm QTL segregating in specific sire families (W. Coppieters et al., personal communication) . Briefly, if a segregating QTL causes a phenotypic contrast of d between sons inheriting alternate QTL alleles Q and q from their heterozygous (Qq) sire (the information captured in the conventional GDD; Weller et al. 1990) , the same phenotypic contrast, d, is expected amongst grandsons having inherited Q and q from their grandsire. If grandsons are available for a founder sire showing evidence for the segregation of a QTL in its sons, this hypothesis can be readily tested. Marker genotypes are used to calculate the probabilities that a given bull has inherited Q, q or neither (at a given map position) from its grandsire, and these probabilities are used in conjunction with phenotype ranks in a non-parametric, sum of rank based approach. As for the GDD analyses, significance thresholds for the G 2 DD analyses were obtained by permutation of the phenotypes (Churchill & Doerge 1995) .
Results Figure 1 illustrates the marker map that was obtained by multipoint linkage analysis, as well as the information content along the 73 cm (Haldane) map averaged across the entire granddaughter design. It can be seen that 60% or more of the theoretically available information is extracted from the pedigree material using this marker map. Figure 2 shows the evidence in favour of a QTL obtained along the chromosome 20 map for 109 QTL affecting milk yield and composition Fig. 2 . Location scores obtained from the granddaughter design using (a) a rank-based non-parametric approach (Coppieters et al. 1998b) , and (b) multiple marker regression (Knott et al. 1996) , for milk yield (. . .
.), fat yield (O-O-O-O), protein yield (x-x-x-x), fat percentage (B-B-B-B)
and protein percentage (ÐÐ). Evidence in favour of the presence of a QTL (y-axis) is measured as log 10 (1/P), where P is the associated chromosome-wise P-value determined by phenotype permutation. Thresholds corresponding to experiment-wise P-values of 0 . 01 and 0 . 05 (as determined by Bonferroni correction of the chromosome-wise thresholds to account for the analysis of multiple traits and chromosomes) are shown as horizontal lines. the five milk production traits using the rankbased approach (a) as well as multiple regression (b). The curves measure the log 10 of the inverse of the chromosome-wise P-values of the data under the null hypotheses of no QTL at the corresponding position estimated from 200 000 permutations. Clear evidence for a QTL primarily affecting protein percentage is obtained with both methods at chromosome positions 66± 73 cm and 65 cm, respectively. Chromosomewise P-values of 0 . 00003 and 0 . 0001 are obtained using the non-parametric and regression approaches, corresponding to whole genome/three trait significance levels of P < 0 . 01 and P < 0 . 05, respectively. Both methods yield very similar profiles affecting primarily protein percentage, and to a lesser degree fat percentage and milk yield, while protein and fat yield are virtually not affected.
These curves are very similar to the profiles obtained in a previous study using North American DHIA data (Georges et al. 1995) , both in terms of the most likely position of the hypothetical QTL and in terms of the nature of the effect on the examined milk production traits. As both data sets were independent, this provides a very convincing confirmation of the genuine nature of this QTL.
One of the two founder sires yielding a LOD score > 3 in the Georges et al. study (Pedigree 10) was also represented in the present granddaughter design (Family 1). There was no overlap between the sons used in both studies, thereby providing the opportunity to further strengthen the confirmation of this QTL, by examining the evidence for its segregation in Family 1. Examination of the present results within this family revealed uncorrected chromosome-wise P-values of 0 . 002 on fat percentage, 0 . 020 on protein percentage, 0 . 022 on milk yield, but no significant effects on protein and fat yield (Fig. 3a) . These results therefore add to the confidence one can have in the genuine nature of this QTL. The most likely positions for the QTL were estimated at 32, 36 and 32 cm for the respective traits, in the interval between TGLA443 and TGLA153. These estimates coincide well with the present authors' previous findings (Georges et al. 1995) . Regression estimates of QTL allele substitution effects on DYD at position 40 cm in this family were ±308 kg for milk yield, 6 . 03 kg for fat yield, ±3 . 37 kg for protein yield, 0 . 23% for fat percentage and 0 . 07% for protein percentage.
The pedigree material included 57 maternal grandsons of the same founder sire (Family 1), therefore allowing the present authors to use the G 2 DD (Coppieters et al. 1998c ) to verify whether the same QTL allele substitution effects would also appear amongst grandsons having inherited alternate grandpaternal QTL alleles. Figure 1 shows the information content in the grandsons indicating the capacity to trace the segregation of the founder sire's chromosomes via its ungenotyped daughters to its grandsons using the available battery of chromosome 20 markers. As half the grandsons will inherit neither of the two grandpaternal chromosomes, information content is limited to a maximum of 50%. It can be seen from Fig. 1 that between 60% and 80% of this maximal information is extracted depending on the chromosome position along the map, and peaking at the marker positions. Figure 3b shows that evidence for a segregating QTL is clearly obtained in the grandsons as well, the highest significance being obtained for milk yield with an associated P-value of 0 . 01 at chromosome position 43 cm. The present authors constrain the effect to be of the same sign in the grandsons as it is in the sons, therefore, the statistical test in the grandsons is reduced to a one-tailed test.
It is noticeable that the most likely position of the QTL obtained from the across-family analysis (65±73 cm) differs considerably from the estimates obtained from the analysis limited to Family 1 (32±43 cm). Moreover, it is noteworthy that the location scores obtained from the across-family analysis show some evidence for bimodality. It is unclear at present whether this reveals the existence of two closely linked QTL on this chromosome or rather the lack of precision in the estimation of the position of a single QTL due to the limited sample size.
The differences observed between sons and grandsons of Founder 1 as with the acrossfamily estimates, in terms of most likely position of the QTL and predominantly affected traits are not unexpected given the small number of sons and grandsons available for the within-family analysis, and should not be regarded as evidence for genetic heterogeneity. Figure 4 shows the distribution of individual P-values obtained within each family for protein percentage, i.e. the trait showing the most significant effect in the across-family analysis. It can be seen that four families are significant at the 0 . 05 level when using chromosome-wise Pvalues, while only one of these (Family 29) is significant when applying a Bonferroni correction accounting for the fact that the present authors analysed 29 separate families. Note that besides its 29 sons, founder sire 29 has 50 maternal grandsons in the pedigree material. These 50 grandsons were used in a G 2 DD
analysis, but yielded no significant evidence ã 1998 International Society for Animal Genetics, Animal Genetics 29, 107±115 111 QTL affecting milk yield and composition Fig. 3 . Location scores obtained from the analysis of the sons (a) and maternal grandsons (b) of founder sire 1, using a rank-based nonparametric approach referred to as the grand-granddaughter design (G 2 DD; Coppieters et al. 1998c) . Evidence in favour of the presence of a QTL (y-axis) is measured as log 10 (1/P), where P is the associated chromosome-wise P-value determined by phenotype permutation. in favour of a segregating QTL effect. The reason for this negative finding is unclear, although the lack of statistical power due to the limited number of grandsons seems the most likely explanation. This observation does not, however, outweigh the overwhelming evidence in favour of the location of a QTL affecting milk yield and composition on bovine chromosome 20.
Discussion
In this study, the present authors confirm the genuine nature of a QTL affecting milk yield and composition and segregating in Holstein± Friesian elite dairy cattle. This study identifies at least two QTL alleles, one of which causes an increase in milk volume accompanied by a dilution in fat and protein constituents. The corresponding gene(s) could act by affecting the osmolarity of milk either via lactose or other milk osmoles. Within-family analyses (Fig. 4) points towards a relatively high frequency of segregating families and therefore heterozygosity at this QTL in the Holstein±Friesian population. In a previous study, two out of 14 families yielded very strong evidence for segregation at this QTL. In this work, four out of 29 families showed evidence for segregation. As within-family detection power was very low given the limited number of sons per sire, this figure could underestimate the actual level of heterozygosity in the sire population. Given the intense selection intensity applied to elite dairy cattle, this high level of heterozygosity may appear surprising. It should be noted, however, that present day selection indexes emphasise protein and fat yield rather than percentages. The actual selection pressure on the alternative QTL alleles is therefore expected to be limited, which could explain the observed degree of residual polymorphism at this locus.
Confirmation of this QTL warrants investment into its fine-mapping towards its positional cloning. As several sire families show strong evidence for segregation, identity-bydescent mapping within these families can be undertaken and is presently underway (Georges & Anderson 1996) . Bovine chromosome 20 is the evolutionary orthologue of part of human chromosome 5 (Lyons et al. 1996) . Interestingly, the AGLA29± BM5004 interval is known to contain the genes coding for the receptors of growth hormone and prolactin, mapping in the human to HSA5p13± 14. Molecular analysis of these genes is under way.
